Abstract A 3D seismic velocity and attenuation model is developed for Santa Clara Valley, California, and its surrounding uplands to predict ground motions from scenario earthquakes. The model is developed using a variety of geologic and geophysical data. Our starting point is a 3D geologic model developed primarily from geologic mapping and gravity and magnetic surveys. An initial velocity model is constructed by using seismic velocities from boreholes, reflection/refraction lines, and spatial autocorrelation microtremor surveys. This model is further refined and the seismic attenuation is estimated through waveform modeling of weak motions from small local events and strong-ground motion from the 1989 Loma Prieta earthquake. Waveforms are calculated to an upper frequency of
Introduction
In 1998 the U.S. Geological Survey held a workshop (Hartzell, Jachens et al., 1998) to select an urban sedimentary basin on which to focus 3D wave propagation and ground-motion studies. The impetus for this workshop was the 1994 Northridge, California, earthquake and the 1995 Hyogo-ken Nanbu earthquake in Kobe, Japan, and the realization of the significant seismic hazard posed by urban sedimentary basins. Urbanization is often concentrated on sedimentary basins, which presents a significant risk. The 1998 workshop selected the Santa Clara Valley, within the southern San Francisco Bay Region (Fig. 1) , as the test region for detailed studies of wave-propagation effects and the development of a 3D velocity model for the prediction of strong ground motions. The Santa Clara Valley, or Silicon Valley, is home to 1.7 million residents and is also the location for many advanced technology companies. The Working Group on California Earthquake Probabilities (2003) has estimated the probability of a magnitude 6.7 or greater earthquake on the San Andreas Fault, off the southwestern margin of the Santa Clara Valley, to be 21% during the next 30 years. On the northeastern margin of the valley, 30-year probabilities are estimated to be 27% and 11%, respectively, for the Hayward and Calaveras faults (Fig. 2) . The Santa Clara Valley therefore has a high level of exposure to potentially damaging earthquakes. The 1998 workshop also called for procedures and methodologies to be developed in the study of the Santa Clara Valley that would serve to guide the understanding of ground motions in other urban sedimentary basins. This article addresses these objectives.
Construction of an accurate 3D velocity model for the Santa Clara Valley is an essential requirement for prediction of ground motions in the region. Brocher et al. (1997) and Jachens et al. (1997) produced an improved velocity model for the entire Bay area, overcoming inaccuracies of an earlier version, based on gravity inversion for the depth of basement and seismic tomography (Hole et al., 2000) . Subsequently, a more detailed structural/geologic model has been constructed for the Santa Clara Valley (Jachens et al., 2001; , based on a more detailed inversion of new gravity data (Roberts et al., 2004) and fault delineation from double-difference earthquake lo- cations (Waldhauser and Ellsworth, 2002; Schaff et al., 2002 Schaff et al., , 2004 Manaker et al., 2005) . In addition to these refinements, the new Santa Clara Valley geologic model includes more detail in the shallow Cenozoic sediments determined from seismic profiling and drilling, with greater control on the thickness of the Plio-Quaternary layer, including a separate Holocene unit that contains a distinct subunit composed of bay mud. In this article we populate the geologic model with seismic velocities and Q-values, utilizing velocity information from a variety of sources and waveform modeling of ground-motion records to 1 Hz. We evaluate the influence of various geologic components of the model on observed ground motions. For other urban sedimentary basins that have not been studied extensively we offer recommendations through our experience in the Santa Clara Valley for an expeditious evaluation of seismic velocities and structural components that are most important for estimating seismic ground motion hazards.
Work of this nature has been conducted in other sedimentary basins to understand potentially damaging ground motions. Magistrale et al. (1998 Magistrale et al. ( , 2000 describes the construction of a 3D velocity model for southern California including the Los Angeles Basin. Velocities in the sedimentary basins are based on empirical rules and outside the basins on the regional tomographic results of Hauksson (2000) . Olsen et al. (1995) , Graves (1998) , and Olsen (2000) have used versions of this model to predict ground motions in the Los Angeles Basin. Chourak et al. (2003) utilized a network of crisscrossing lines between pairs of short-period sensors to determine Rayleigh wave group velocities for the Granada Basin in southern Spain. The group velocities were inverted to obtain path-averaged shear-wave velocities that were smoothly interpolated to form a 3D velocity mesh. Frankel and Stephenson (2000) constructed a 3D velocity model of the Seattle region using information on the thickness of Quaternary deposits and the depth to basement rocks. They then used this velocity structure to model the observed seismograms for two local earthquakes to 0.5 Hz. Pitarka et al. (2004) have performed a validation study of a 3D velocity model for the Puget Sound region by forward-modeling the ground motion from the 2001 Nisqually earthquake to 0.5 Hz. Their velocity model is based on a significant number of geophysical investigations, including seismic reflection/refraction surveys, travel-time tomography, inversion of gravity and aeromagnetic data, borehole logs, and geotechnical studies. Kagawa et al. (2004) presented an ambitious study of the Osaka Basin, Japan, which included the validation of a constructed 3D velocity model by modeling ground motions from small-magnitude earthquakes to 1 Hz. Their velocity model was developed from a variety of geophysical studies, including, seismic reflection/refraction, borehole logs, the peak-period of the spectral ratio between horizontal and vertical components of microtremor records, and inversion of Rayleigh wave phase-velocity curves from microtremor records.
Previous ground-motion studies in the Santa Clara Valley include Frankel and Vidale (1992) , who modeled ground motion for a Loma Prieta aftershock using an early 3D model of the Santa Clara Valley to demonstrate the importance of surface waves. Finite-rupture scenario simulations for the Hayward fault were calculated by and Larsen, Antolik, Dreger, Stidham, Schultz, et al. (1997) . Stidham et al. (1999) modeled ground motion for the 1989 Loma Prieta mainshock using a 3D velocity model for the San Francisco Bay region with sedimentary basins embedded in flat-layered velocity structures. They concluded that refraction of seismic waves by the lateral velocity contrast across the San Andreas fault causes a reduction in amplitudes along the San Francisco Peninsula. They further found amplification of ground motions in the region's Cenozoic basins and higher amplitudes north of San Francisco produced by lower-crustal and Moho-reflected phases. Dreger et al. (2001) utilized arrival times, wave amplitudes, and whole-waveform modeling to investigate the validity of different 3D crustal structures in the San Francisco Bay area. Harmsen and Frankel (2001) used the Brocher et al. (1997) 3D velocity model to simulate scenario ruptures on the Hayward fault. They concluded that long-period ground-motion amplification in the Santa Clara Valley by shallow low-velocity sediments exceeded those predicted by standard strong-motion attenuation relationships. Frankel et al. (2001) and Hartzell et al. (2003) analyzed data from a 50-element dense seismic array near San Jose, on the eastern side of the Santa Clara Valley. They showed that site amplification did not have a simple relationship with basement depth and that other propagation/ structural factors were important. These studies also pointed out the significance of surface-wave generation at the edges of the Santa Clara Valley. Pollitz and Fletcher (2005) used Figure 2 . Area map of the Santa Clara Valley and its bounding faults. The southwestern side of the valley is bounded by the northeast-vergent reverse faults: Monte Vista, Berrocal, and Shannon. Some or all of these faults are thought to converge with the San Andreas fault at depth. The northeastern side of the valley is bounded by the strike-slip fault system of the Calaveras and Hayward. The Silver Creek fault forms the southwestern boundary of the Cenozoic Evergreen Basin and is not considered active. The black contours in 500-m intervals map the depth of pre-Cenozoic basement obtained from the constrained inversion of gravity and magnetic data. The Cupertino Basin reaches a depth of 2.5 km; the Evergreen Basin reaches a depth of 5.5 km. Major highways are shown in green.
a scattering-based seismic-tomography technique to invert observed waveforms at frequencies less than 0.5 Hz for the crustal structure of the southern San Francisco Bay region. In addition, several travel-time-based tomography studies have added to our knowledge of the 3D velocity structure of the San Francisco Bay Area (Foxall et al., 1993; Thurber et al., 1995; Parsons and Zoback, 1997; Eberhart-Phillips and Michael, 1998; Hole et al., 2000; Hardebeck et al., 2007; Zhang et al., 2006) . Fletcher et al. (2003) calculated station delays and relative site amplifications for 42 portable instruments deployed across the Santa Clara Valley. They found station delays consistent with the existence of the Cupertino Basin to the southwest and the Evergreen Basin to the northeast within the Santa Clara Valley (Fig. 2) . In general, observed P-wave travel times through these two basins were found to be consistent with those predicted by the Brocher et al. (1997) model. The observed S-wave travel times, however, were found to be a factor of 2 less than predicted by the model, indicating that the S-wave model velocities are too slow. In subsequent work, this discrepancy was recognized and corrected (Brocher, 2005c; Brocher et al., 2005) . compared data from the Fletcher et al. (2003) instrument deployment in the Santa Clara Valley with predictions of P-wave residual travel times and amplitudes from the Brocher et al. (1997) and Jachens et al. (Jachens et al., 2005b) extended this work and considered the period of the microseism H/V spectral peak in the 1-to 10-sec range. They concluded that the USGS model gives a better definition of the spatial extent of the Cupertino and Evergreen Basins, but that the UCB model allows prediction of more accurate P-wave amplitudes and converted phases because of its sharp velocity contrast at the basement interface. They also found that teleseismic residual P-wave travel times and amplitudes, and the period of the microseism H/V spectral peak all increase with basin depth up to a depth of 3-4 km. At greater depths, these parameters show no further increase.
Geologic Setting
Mesozoic meta-igneous and meta-sedimentary rocks of the Franciscan Complex, as well as younger sedimentary rocks, form the Santa Cruz Mountains on the southwestern margin of the Santa Clara Valley and are presumed to underlie the rest of the valley. The Santa Clara Valley is filled variously with sedimentary rocks of the marine Miocene Monterey Formation and/or Mio-Pliocene continental deposits. These rocks are overlain by Pleistocene and Holocene alluvial fan and stream deposits and estuarine deposits around the margin of the San Francisco Bay. Pliocene and Pleistocene fanglomerates of the Santa Clara and related formations overlie the older rocks along the margins of the valley Wentworth et al., 1999) . have proposed a tectonic evolution for the Santa Clara Valley during the late Cenozoic, starting with a Franciscan Complex basement that subsides beneath a shallow sea in the middle Miocene. In this model, the Cupertino Basin forms at this time on the southwestern side of the valley as a locally deeper depression. Over the next 6 million years marine sediments are deposited in the Cupertino Basin. The age of the oldest strata in the Cupertino Basin is unknown, but it has been estimated at 17-14 Ma . This period also sees the encroachment of the San Andreas fault system, with right-lateral motion accommodated along the San Andreas fault on the southwestern side of the valley and along the Silver Creek-Hayward-Calaveras fault system on the northeastern side of the valley (Fig. 2) .
The Evergreen Basin is presumed to have formed as a pull-apart basin behind the right step from the Silver Creek fault to the Hayward fault along the northeastern margin of the valley from about 12 Ma to about 2.5 Ma . Alluvium from the Santa Clara formation was then laid down along the margins of the Santa Clara Valley over a regional depositional unconformity in the Mesozoic and Tertiary rocks beginning about 4 Ma. The Silver Creek fault is thought to have been largely abandoned about 2.5 Ma, with motion now accommodated on the Hayward and Calaveras faults (Graymer et al., 2003) . In the past 1 Ma the Santa Clara Valley has accumulated up 600 m of flat-lying alluvial deposits as the basin has uniformly subsided .
Geologic Model
The geologic/structural model of Jachens et al. (2001) and forms the basis for the construction of our velocity model and investigation of wave-propagation effects in the Santa Clara Valley. Figure 3a shows the boundaries of the 3D block, which includes the Santa Clara Valley and its surrounding uplands. The model is 45 km on a side and 14 km deep, including parts of the San Andreas fault on the southwest and the Hay- ward and Calaveras Faults on the northeast. The model extends from the southern end of the Santa Clara Valley to the southern San Francisco Bay on its northern end. The model is constructed from a series of 3D surfaces, consisting of faults, contacts between geologic units, and the land surface. Information used to define these surfaces comes from a variety of sources, including geologic mapping, potential field geophysics, seismic profiles, earthquake hypocenters, well logs, and digital elevation data Langenheim et al., 2005; Simpson et al., 2005; Stanley et al., 2005; Williams et al., 2002 Williams et al., , 2004 Williams et al., , 2005 Williams et al., , 2007 . These surfaces define 14 generalized geologic volumes or units (referred to as zones) shown in Figure 3a and include the free-surface topography. In addition, the zones are subdivided according to fault-bounded blocks to allow for finerscale variability in geologic and material parameters. The zones define the shape of major geologic units, such as the basement rock underlying the Santa Clara Valley and the topography on its upper surface that, in turn, define the Evergreen and Cupertino Basins (Fig. 3b) . This Santa Clara Valley 3D geologic model is part of a larger Bay area 3D model (290 km by 140 km) that has been constructed in a similar way but with less detail (Brocher, 2005a; Brocher et al., 2005) . The Santa Clara Valley block is embedded into the larger Bay Area block for some of our wave-propagation studies. This embedding is possible because the same velocity assignments are made to corresponding zones in the two regions and the structural differences are limited to shallower depths contained within the Santa Clara model. The larger block extends to a depth of 22 km to include all of the Loma Prieta source zone and possible effects from midcrustal and Moho reflectors.
Sources of Seismic-Velocity Information
Information on P-and S-wave velocities has been collected from a wide variety of sources, including, boreholes, seismic reflection/refraction profiles, spatial autocorrelation (SPAC) microtremor analysis, and waveform modeling. Information from these sources is used to construct smoothly varying velocities as a function of depth for each zone of the geologic model. Figure 4 shows the locations of some of the deeper boreholes in the Santa Clara Valley. The five recent boreholes, STGA, MGCY, STPK, GUAD, and CCOC, sample Quaternary alluvium and have suspension-log P and S velocities to maximum depths between 280 m to 410 m (Fig. 5) . STGA, MGCY, and STPK are located over the Cupertino Basin on the southwestern side of the valley. GUAD and CCOC lie on the central basement ridge toward the northeastern side of the valley, and exhibit lower shear-wave velocities than those over the Cupertino Basin. GUAD is the only borehole with suspension velocity logs to reach basement at a depth of 407 m with P-and S-wave velocities of 3000 m/sec and 1100 m/sec, respectively . These boreholes have been used to constrain the velocities of Quaternary sediments within the Santa Clara Valley. , have been extensively used for site classification and ground-motion prediction (Fumal and Tinsley, 1985; Joyner and Fumal, 1985; Borcherdt and Glassmoyer, 1992; Borcherdt, 1994; Boore et al., 1997) . Wills et al. (2000) used V s 30 values for California to group surface geologic units into categories that are expected to have similar site conditions. and Holzer, Padovani, et al. (2005) (Williams et al., 2002 (Williams et al., , 2004 (Williams et al., , 2007 ) and a deeper low-resolution line (labeled e) (Boatwright et al., 2004) . The high-resolution lines were collected with a Minivib source and yield P-wave velocities in the basin sediments to a depth of about 1 km. The low-resolution line used explosive sources and gives information on P-wave velocities to a depth of about 4 km. Line a clearly shows the steeply northeast-dipping Silver Creek fault bounding the southwestern side of the Evergreen Basin and the accompanying abrupt deepening of the basement east of the fault from a depth of about 400 m west of the fault (Williams et al., 2007) . On the eastern end of line a there are indications of higher-velocity rocks that may have been thrust into the Evergreen Basin (possibly Great Valley Sequence; forearc basin accumulation of clastic sedimentary rocks of late Mesozoic age). There is surface evidence for northeastdipping reverse faults just south of the Evergreen seismic line that are postulated to dip into the Calaveras fault (Hitchcock and Brankman, 2002) . The thrust wedge created by these faults may play an important role in the ground-motion response of the Evergreen Basin and is discussed later. Line b, along the basement axial high, clearly shows topography on the upper surface of the basement rocks with about 200 m relief. The ground-motion response of two velocity structures developed from these profiles is evaluated using 2D finite-difference simulations in a following section. Lines c and d over the Cupertino Basin do not image basement, but show the subhorizontal base of the Quaternary layer at about 500 m depth (Williams et al., 2004) . The lowresolution line e is useful for constraining velocities deeper than 1 km.
Borehole Logging

Spatial Autocorrelation (SPAC) Microtremor Method
Microtremor noise-analysis techniques have been valuable in determining shallow shear-wave velocities (Okada, 2003) . The common thread in these techniques is the estimation of surface-wave dispersion curves from which shearwave velocities are calculated. Microtremor analysis is of considerable value because it yields estimates of shear-wave velocities, not typically collected in reflection/refraction surveys, and it does not require an expensive field deployment. Recent comparisons of both active-source and passivesource (microtremor) methods (Asten and Boore, 2005; Stephenson et al., 2005) have used the site of the CCOC borehole (Fig. 4) in the Santa Clara Valley. In the Asten and Boore (2005) report the SPAC method, originated by Aki (1957) , was shown to give good agreement with borehole velocities to a depth of 300 m (Fig. 6 ). Building on this experience, we conducted a long-baseline SPAC study that utilized existing sites in the San Jose dense seismic array Hartzell et al., 2003) . Two reasons for using sites in this array are: (1) no additional instrument installation is required, and (2) the kilometer-spacing of the instruments allows for the determination of deeper shearwave velocities, greater than a few hundred meters, where measurements by other methods are not so abundant. Two experiments were conducted, one using a traditional microtremor source, and a second using earthquake coda. The results are discussed subsequently.
Waveform Modeling
A definitive way of evaluating the validity of a given velocity model for the prediction of ground motions is by comparing synthetic waveforms with recorded ground motions. We compare synthetics with ground-motion data for smaller-magnitude local earthquakes and the 1989 M 7.1 Loma Prieta earthquake, in conjunction with the direct velocity measurement techniques mentioned previously, to aid in the construction of our velocity model. However, our modeling shows that even ground-motion waveforms have selective sensitivity to parts of the velocity model, primarily the shallower sections.
Ground-Motion Observations and Structural Influences
Shear-Wave Travel Times
Shear-wave travel times from local earthquakes can offer significant information on the structure of sedimentary basins and their response to seismic ground motions. Figure  7 shows residual S-wave times at the San Jose dense array stations over the Evergreen Basin (Fig. 8 ) for two events with particularly impulsive shear-wave arrivals. The residual times for each event are obtained by fitting a least-squares line through the travel-time/distance values and subtracting the time for each station's distance. (Positive residuals correspond to late arrivals.) Event 123 is located on the Calaveras fault at a depth of 8.8 km. Event 76 occurred on the reverse fault complex on the southwestern margin of the Santa Clara Valley at a depth of 9.8 km. The backazimuths of these two events are nearly 180
Њ from one another and effectively give a reversed shear-wave travel-time profile across the Evergreen Basin (Fig. 7) . The two events yield similar residuals, implying steep angles of incidence and nearly the same ray paths through the basin. The difference in residuals across the Evergreen Basin is about 0.9 sec, with a broad region of late arrivals extending from the southwestern margin of the basin to above its deepest point. The region of late arrivals shows little variability in residuals even though the basin depth changes significantly. This pattern of residuals suggests that the sediments filling the southwestern side of the Evergreen Basin are slower than those toward the center of the basin, and that still higher velocity material may be present on the northeastern side of the basin. In the next section we find that these observations are consistent with calculated site response and with a structural model for the Evergreen Basin based on reflection/refraction profiles.
Site Response
Site response in the Santa Clara Valley has been calculated previously using a source/site spectral inversion method and recordings of local earthquakes at the San Jose dense array (Hartzell et al., 2003) . These results are reproduced in Figure 9 for the region over the Evergreen Basin with the revised depth contours to pre-Cenozoic basement (Jachens et al., 2001; and the surface trace of the Silver Creek fault from seismic-reflection data (Williams et al., 2002 (Williams et al., , 2007 and interferometric synthetic aperture radar (InSAR) (Galloway et al., 1999) . There is a high in site amplification over the southwestern side of the Evergreen Basin, bounded on the southwest by the Silver Creek fault. This high has a maximum amplitude of about 3.5 relative to rock sites on the northeastern margin of the valley and does not extend over the deepest part of the Cenozoic basin, as might be (Hartzell et al., 2003) . This trend alone, however, cannot explain the observed pattern of site amplification given the truncation of the high near the trace of the Silver Creek fault. The seismic reflection/refraction profiles over the Evergreen Basin (Fig. 4) (Williams et al., 2002 (Williams et al., , 2007 Boatwright et al., 2004) , however, offer some insight. These profiles indicate an increase in the P-wave velocity of the Evergreen Basin fill moving from southwest to northeast. Structurally, this increase in velocity is consistent with the hypothesis of a thrust wedge of older, faster rocks along the northeastern margin of the Evergreen Basin (Hitchcock and Brankman, 2002) . This thrust wedge is present in the 3D geologic model of Jachens et al. (2001) and , but only to the south of the seismic profiles that cross the Evergreen Basin in Figure 4 . We propose that this thrust style of deformation continues further to the north, concealed beneath Quaternary alluvium, along the northeastern side of the valley.
We have constructed a generalized vertical 2D velocity model through the Evergreen Basin along the trend of the seismic profiles (Fig. 10a) . Shear-wave velocities were estimated from the varied data sources used in this study. The shape and depth of the Evergreen Basin are based on an inversion of gravity data (Roberts et al., 2004) , but the layering below a depth of about 1 km is largely supposition. Figure 10a is meant to illustrate one model among other possibilities that can explain the observations. The lateral details in our 2D models are beyond the scope of our present 3D model and have not been incorporated into the 3D velocity model. Plane-wave SH synthetics were calculated using 2D finite difference for a line source at the base of the velocity model with a 1-Hz Gaussian source pulse. The synthetics in Figure 10a are for a line source that dips 10 degrees to the left (southwest). The time-domain synthetics are lowpass filtered at 5 Hz. The modeled time delays over the Ever- Figure 10 . (a) Generalized 2D shear-wave velocity cross section (middle frame) for the Evergreen Basin constructed from seismic reflection/refraction data (Williams et al., 2002 (Williams et al., , 2007 Boatwright et al., 2004) and gravity and magnetic surveys (Roberts et al., 2004) used to predict the observed site amplification in Figure 9 . Shear-wave velocities are given for layers in meters per second. Finite-difference time-domain synthetics (top frame) for a plane shear-wave source dipping at 10Њ to the southwest (left in the figure) and propagating up from the bottom of the model. The same general time delays are obtained as in Figure 7 . Spectral ratios (bottom frame) in the frequency band 0.5 to 2.0 Hz and referenced to a site on the northeastern side of the Evergreen Basin show that the maximum site amplification does not occur over the deepest part of the basin, consistent with the observation in Figure 9 . (b) Shear-wave spectral ratios as a function of position across the Evergreen Basin for different angles of the plane wave source: vertical, 10Њ dip, and 20Њ dip. The arrow indicates the position of the deepest part of the basin.
green Basin are consistent with those observed in Figure 7 . The bottom frame in Figure 10a shows the amplitudes of spectral ratios in the frequency band 0.5 to 2.0 Hz of each synthetic trace relative to the trace 9000 m along the profile on the northeastern edge of the Evergreen Basin. These spectral ratios can be compared with the site-amplification factors in Figure 9 . We see that the model predicts higher amplification on the southwestern side of the Evergreen Basin, as we observed in the ground-motion data. Figure 10b plots spectral ratios for the same velocity model with three different dip angles on the line source. The results are sensitive to the dip angle, but in each case the maximum does not occur over the deepest part of the basin (indicated by the arrow).
A broader view of site response across the full extent of the Santa Clara Valley is obtained from ground-motion records of the 28 September 2004, M 5.9 Parkfield earthquake and the San Jose array configuration shown in Figure  8 . Site response is calculated by the spectral ratio of each sediment site with respect to a reference site. The reference site is station ROC at the northeastern extent of the San Jose array on late Mesozoic rock. Spectra are calculated by taking the root-mean-square of the two horizontal components of motion (Z [(V x 2 ‫ם‬ V y 2 )/2.0]) using the entire S-wave train including significant coda. Figure 11 shows the site amplification averaged over three frequency bands, 0.5 to 1.0 Hz, 1.0 to 2.0 Hz, and 2.0 to 4.0 Hz. As seen in Figure 9 , peak amplifications are again about 3.5. At lower frequencies (0.5 to 1.0 Hz), we see the same high in site amplification as in the local earthquake source/site spectral inversion (Fig. 9) , lying over the southwestern side of the Evergreen Basin. In contrast, the response of the Cupertino Basin is low to moderate. This result for the Cupertino Basin is consistent with the hypothesis of an older, more consolidated fill, compared with that of the Evergreen Basin (Stanley et al., 2002 . At intermediate frequencies (1.0 to 2.0 Hz), the high broadens, but is still present over the southwestern side of the Evergreen Basin. At higher frequencies (2.0 to 4.0 Hz), the maximum in site amplification is concentrated over the basement ridge between the Cupertino and Evergreen Basins. This observation may be due to the lower attenuation of higher frequencies by the thin sediments (300 to 400 m thick) over the ridge.
These results are consistent with the findings of other studies. Using an array of stations that spanned the Cupertino and Evergreen Basins, Fletcher et al. (2003) concluded from an inversion of local earthquake shear-wave spectra that there was little correlation of site amplification with Mesozoic basement depth. In concurrence with this study, they found the largest site amplification over the southwestern side of the Evergreen Basin and amplification for the Cupertino Basin about one-half that of the Evergreen Basin. They appealed to a basin edge effect to explain the larger values on the southwestern side of the Evergreen Basin. found that teleseismic P-wave amplitudes and energies (obtained by squaring and integrating the vertical waveforms) increased with basement depth up to a depth of about 3 km. At deeper than 3 km these quantities did not show any further increase. These results suggest the same lack of correlation of ground-motion amplitude with the deeper parts of the Evergreen Basin as seen in the local shear-wave data. These results for the Evergreen Basin are different from the pattern of site amplification seen in the Los Angeles Basin, where empirical data (Hartzell, Harmsen, et al., 1998) and 3D simulations (Olsen, 2000) show a correlation of site amplification with basin depth. We propose that this difference in basin response exists because the deeper part of the Los Angeles Basin is a relatively smooth structural feature (Yerkes et al., 1965; Shaw and Suppe, 1996) , with no analogous Silver Creek fault that juxtaposes very different depths to basement. The margins of the Los Angeles Basin, however, display numerous examples of basin-edge effects from structural complexities that result in localized amplification (Hartzell et al., 1997; Graves et al., 1998) .
Another site-response issue we investigated is the possible effect of small-scale topography on the basement rock that is known to exist from seismic reflection line b in Figure  4 , along the axis of the basement ridge. The depth to basement varies from 300 m to 500 m and is consistent with a model in which Quaternary fill in the Santa Clara Valley was deposited over an erosional surface in the Mesozoic basement . The axial seismic profile is given in Williams et al. (2005 Williams et al. ( , 2007 . Here we use an inter- pretation of this profile, shown in Figure 12 , to perform 2D finite-difference modeling. A plane-wave SH-line source is propagated vertically upward from the bottom of the model. The time-domain synthetics are low-pass filtered at 5 Hz. The direct SH wave arrives shortly after 1 sec. A prominent first-multiple reflection off the free surface and the basement is seen at about 3 sec. There is a small variation in arrival time of the direct SH wave, but little difference in its amplitude. The bottom frame of Figure 12 plots the average whole-record, spectral ratio between 0.5 and 2.0 Hz for each trace relative to a reference site. The reference trace lies 4500 m from the left edge of the profile in the middle of a flat region in basement depth. Peaks in basement topography cause spectral minima and valleys produce maxima, but the amplitude variations are relatively insignificant. Thus, although the topography on the upper-basement surface is of geologic interest, the variation in depth is not great enough to produce significant variations in site response at frequencies of general engineering interest. The effects could be more important at frequencies of 5 to 10 Hz.
Fault-Controlled Ground Motion
Faults are known to modify ground motion in their vicinity because of a velocity contrast across the fault and by the modification of material properties in the fault zone leading to fault-guided waves (Ben-Zion and Malin, 1991; Li and Vidale, 1996; Stidham et al., 1999) . It is important to understand the passive effects of faults on ground motion in urban sedimentary basins. The Silver Creek fault forms a structural boundary between the central basement high and the Cenozoic fill of the Evergreen Basin (Fig. 10a) . Site response varies significantly across this fault largely by virtue of the changing sediment thickness. Figure 13 illustrates another dramatic example of the modification of ground motion across the Silver Creek fault. In this case shear waves impinge on the fault from a local earthquake located east of the Evergreen Basin with a shallow hypocenter of 2.2 km. Stations on the west side of the fault experience a near extinction of shear waves. This effect is explained by efficient reflection at the fault, where the modeled shear-wave velocity contrast is approximately a factor of 2 (Fig. 10a ). This observation is also a clear example of how shear-wave energy can be trapped within a sedimentary basin, and also why we observe the large contrast in site amplification across the Silver Creek fault.
Surface-Wave Generation
Several studies have pointed out the importance of surface waves in the ground motion of sedimentary basins in southern California (Vidale and Helmberger, 1988; Olsen et al., 1995; Graves, 1998; Joyner, 2000; Olsen, 2000) , the San Francisco Bay area (Baise et al., 2003) , and the Santa Clara Valley (Frankel and Vidale, 1992; Frankel et al., 1991 Frankel et al., , 2001 Hartzell et al., 2003) . We use frequency-wavenumber (f-k) analysis to study plane-wave propagation across the San Jose dense array to identify the source direction and apparent velocity of waves as they move across the array. This information can be used to distinguish body waves from surface waves and offer insight into the complexity of the wave train. Figure 14 shows the results of a moving-window, highresolution f-k analysis (Capon, 1969 (Capon, , 1973 of the vertical ground motion for the 22 December 2003 San Simeon earthquake. This event had an M w of 6.5 and a distance of 200 km to the southeast of the array. The stations used in the analysis are located over the Evergreen Basin, as shown in Figures 7, 9 , and 13. The time windows are 4 sec long and are overlapped by 2 sec. The apparent velocities are large for the first 20 to 30 sec, indicating near-vertical incidence at the array associated with body-wave arrivals. After 30 sec the low apparent velocities indicate primarily surface-wave energy. For the initial body-wave section of the ground motion, the backazimuths are nearly constant and close to 190Њ clockwise from north. The true backazimuth to the source is 160Њ. The difference between these two values is attributed to the significantly higher velocities in the Santa Cruz Moun- Figure 13 . Example of the blocking of shear waves by the Silver Creek fault for a local shallow source. Significant shear-wave energy does not escape the Evergreen Basin. The limit of strong shear waves (top frame) corresponds to the location of the Silver Creek fault. Transverse components of velocity (bottom frame), bandpass filtered from 0.2 to 15. Hz, show a near extinction of shear waves to the southwest of the fault. tains along the southwestern side of the Santa Clara Valley than velocities in the valley. As seismic waves move up the Santa Clara Valley from the southeast they find a faster path through the Santa Cruz Mountains. As a result, the first arriving waves come from a more southerly direction. When the surface waves arrive, the backazimuths take on a much more complex pattern that becomes more random in appearance as the frequency increases. The rapidly changing backazimuths suggest multiple reflections of surface waves back-and-forth within the Evergreen Basin. Additional f-k analysis by Frankel et al. (2001) and Hartzell et al. (2003) shows that sections of coda in Santa Clara Valley groundmotion records are consistent with either generation or reflection of surface waves from the margins of the valley.
SPAC Results
The Cupertino Basin has not been studied to the same extent as the Evergreen Basin, but we have conducted a microtremor SPAC experiment utilizing the hexagonal configuration of stations shown in Figure 8 . Each of the seven K2 instrument sites was used to record 40 min of continuous, vertical-component, microtremor data. The experiment was performed at night to minimize local freeway noise and allow a more uniform azimuthal distribution of microtremor sources. The station spacing of about 1 km is greater than most previous SPAC applications, but using the general relationship that shear-wave velocities are resolvable to a depth of approximately twice the array dimension (Liu et al., 2000), the deployment has potential sensitivity to a depth of about 2 km. The primary requirement of this and other surface-array-based methods is for lateral uniformity in shear-wave velocities under the array. We know from Pwave reflection studies in the area that this is a good assumption (Williams et al., 2004) , given a laterally constant V p /V s ratio. There are two ways to estimate shear-wave velocity with the SPAC method: (1) by calculating the Rayleigh wave-phase velocity, c(f), from the azimuthally averaged coherence of the microtremor (termed the SPAC coefficient, q(f,r), and given by J 0 (2pfr/c(f)), where J 0 is the Bessel function of the first kind and order zero, r is the station separation, and f is frequency) (Aki, 1957) , or (2) by comparing the observed and predicted SPAC coefficients, q(f,r) , from the calculated c(f) for a given shear-wave velocity structure (Asten et al., 2003) . We use the second approach because it allows utilization of the q(f,r) curve to frequencies above the first minimum in q(f,r). Figure 15 compares observed q(f,r) curves for the spokes of the hexagonal array with predicted curves for model 9, our preferred velocity profiles for the Cupertino and Evergreen Basins. The Cupertino Basin is given somewhat higher velocities consistent with shallow-borehole data, its possible older age, and its lower observed site response. The spatial coherence curve based on the model 9 velocities for the Cupertino Basin is consistent with the observed curves.
A similar microtremor study was not carried out in the Evergreen Basin. However, we explore here the possibility of using Rayleigh waves from earthquake coda as an alternative source. We have seen from the f-k analysis in Figure  14 that the coda of regional earthquakes recorded in the Santa Clara Valley consists primarily of surface waves with largely random backazimuths. Surface waves of this type are required for SPAC analysis to be successful. Figure 16 shows a detail of the San Jose array over the Evergreen Basin with the locations of two triangular subarrays that have been used for SPAC analysis. The larger triangle has dimensions of approximately 1 km, whereas the smaller triangle is about one tenth the size. The M 7.1 southern California Hector Mine earthquake of 16 October 1999 provides the longduration coda waves that are needed. Figure 17 shows vertical-component acceleration records for the array O50-O60-P5S. For all our calculations, we use the coda record from 200 sec to 740 sec, which avoids the earlier surface waves with more uniform backazimuths but includes data of sufficient amplitude without contamination from other events. Because SPAC analysis of coda waves has not been attempted previously, the following results are presented tentatively and should be subjected to further study. We first consider the results from the small aperture array P50-P5E-P5S in Figure 18 . The lower-velocity Evergreen profile is more consistent with the observed Rayleigh wave spatial coherence below 1.3 Hz. The spatial coherence is not considered reliable above this frequency. These results are consistent with borehole velocities from the top few hundred meters (Fig. 5 ) that show lower velocities on the northeastern side of the valley, although no deeper boreholes exist in the Evergreen Basin itself. The coherence for the large triangular array over the deepest part of the Evergreen Basin (array O50-O60-P5S, Fig. 19 ) is more consistent with the Cupertino velocity profile than the Evergreen profile. This result supports our proposed model for the Evergreen Basin with higher-velocity material thrust into the basin along its northeastern margin. As we showed earlier, this model is consistent with reflection/refraction results and the observed site response across the basin. These results are meant to be suggestive rather than definitive, but they point to the potential for the SPAC method to add information on deeper shear-wave velocities. Table 1 gives event source parameters.
Waveform Modeling and Validation
In conjunction with the preceding observational information and its interpretation for seismic velocities, waveform modeling plays an important role in the validation of our 3D velocity model. A reasonable starting model can be constructed from the data presented so far; however, a trialand-error waveform-modeling process is needed to refine the seismic velocities and Q-values to a point where the model yields an acceptable comparison with waveform data to 1 Hz. Two sources of waveform data are utilized: (1) records from small-magnitude local earthquakes recorded on both the San Jose dense array and the northern California seismic network, and (2) strong-motion records from the 1989 M 7.1 Loma Prieta earthquake. The smaller events are important to augment the sparse distribution of stations in the Santa Clara Valley for the Loma Prieta earthquake. Figure 20 shows the station distribution for each of three local events used in the modeling/validation process, and Table 1 gives their source parameters (Northern California Earthquake Data Center, www.ncedc.org).
Synthetic waveforms are calculated using the 3D finitedifference code of Liu and Archuleta (2002) . This code is fully parallelized and allows for two regions with different grid sizes. The surface region has a factor of 3 finer grid spacing, required by lower shear-wave velocities in shallow sediments. The underlying region, with larger grid spacing, allows the model to be continued to depth with a much lower memory requirement and run time. A robust interpolation scheme is used to propagate waves across the boundary between the two regions at a depth of 700 m. Attenuation is included by a realistic frequency-independent Q-model (Liu and Archuleta, 2006) . All our simulations are performed to an upper-frequency limit of 1.0 Hz and utilize a 50-m grid spacing in the shallow region and a 150-m grid spacing in the deep region. This grid spacing guarantees a minimum of six grid points per wavelength for the minimum shear-wave velocity of 300 m/sec. Finite-difference grids were generated both with and without a spatial antialiasing filter. No difference in the waveforms was observed because of the small grid spacing of 50 m that accurately samples the spatial variability in velocities. Figure 21 compares velocity records for event 55 with synthetics for a line of stations in the San Jose array across the Evergreen Basin in a southwest-northeast profile. All the records are bandpass filtered from 0.1 to 1.0 Hz. The synthetics are plotted on the same vertical scale as the data. We consider two velocity models (9 and 12) for the Cenozoic fill of the Evergreen and Cupertino Basins. (See Fig. 22 for details.) Our evaluation of the fit to the data is based on the arrival times of P and S phases, the amplitude of body and surface waves, and the duration of significant motion. Stations O00 and O10 lie to the southwest of the Silver Creek fault. Station O60 is on the far northeastern side of the Evergreen Basin. Station ROC is located to the northeast of station O60 out of the Santa Clara Valley on Mesozoic rock. Models 9 and 12 compare two contrasting hypotheses regarding the velocity of the basin fill material. Model 9 maintains a velocity contrast between the Cenozoic fill and the surrounding basement rock to the maximum depth of the Evergreen Basin at 5.5 km. Model 12, as suggested by the borehole results presented in Brocher (2005b) , uses a uniform velocity gradient to equate the fill velocity with the basement velocity at a depth of 5 km. Model 12 also minimizes the velocity difference between the Evergreen and Cupertino Basins at depth. The waveforms for the two models are nearly identical, indicating that the ground motion in this period range is insensitive to the considered variation in deep-basin velocities. The timing, amplitude, and duration of the waveforms all match the data well except for stations O50 and O60 on the northeastern side of the Evergreen Basin. This observation is consistent with our hypothesis that higher-velocity material has thrust into the basin from the northeast. These higher velocities produce lower ground motions on the northeastern side of the basin, as our 2D modeling has shown. The current 3D structural model, which forms the basis for our 3D velocity model, does not contain this thrust unit at the latitude of the San Jose array. Seismic reflection/refraction suggests this unit involves approximately a 50% lateral increase in shear-wave velocity starting at a depth of about 500 m. Figure 22 compares velocity waveforms for models 9 and 12 with the data for event 76 located on the opposite (southwestern) side of the Santa Clara Valley from event 55. (Refer to Fig. 20 for epicenters) . This figure shows several of the stations on the northeastern side of the Evergreen Basin (in the same general position as O50 and O60 mentioned previously). For this event, there is little or no overestimation of amplitudes at these sites. We find this result consistent with our proposed model for the Evergreen Basin, because ray paths from an event on the southwestern side of the valley would travel through far less of the highervelocity material on the northeastern side of the Evergreen Basin. Figure 23 compares data and synthetics for event 76 at other valley sites in the northern California seismic network located to the south and west of the dense station deployment of the San Jose array over the Evergreen Basin. (See Fig. 20 for locations) . The close fit to timing, amplitude, and duration is maintained at these locations. Figure 24 compares data and synthetics for event 156 along a line of stations across the Cupertino Basin (G10, G20, G30, G40, and G50) and across the basement ridge high near the center of the valley (QW2, QW3, and QW4). Also shown are two rock sites, ROK on the southwestern side of the valley and ROC on the far northeastern side of the valley. Amplitudes and durations are again well matched, but there are some timing discrepancies over the Cupertino Basin. These could be due to hypocentral location error.
We have also modeled ground-motion records for the 18 October 1989 M 7.1 Loma Prieta earthquake to include strong ground motion of greater long-period content in our validation process. The source model of Wald et al. (1991) has been adopted with some minor changes. In the bilateral rupture model obtained for this earthquake, we have reduced the slip on one of the northern subfaults from 4.91 m to 3.91 m and added the same amount to a subfault on the southern half of the fault. This change preserves the total moment because the subfaults have the same rigidity value. In addition, the rupture velocity has been reduced from 2.7 km/sec to 2.5 km/sec and the rise time on the fault is fixed at 1.5 sec. These changes were driven primarily by a desire to fit station LEX, whose location was discovered to be in error (D. Boore, personal comm., 2005) . In our modeling work, we noted that station LEX is sensitive to the source description. The corrected value for the longitude of this station ‫989.121מ(‬ corrected from ‫)949.121מ‬ moves the instrument approximately 4.5 km closer to the San Andreas fault to a location of greater predicted ground motion. This discovery may indicate that the rupture models for the Loma Prieta earthquake overestimate slip on the northern half of the fault. Figure 25 shows the surface projection of point sources used to simulate the Loma Prieta rupture and the strong-motion station locations on a map of surface shearwave velocity. Table 2 gives station information. Figure 26 compares synthetic velocity records with the data, bandpass filtered from 0.1 to 1.0 Hz. The data and synthetics are plotted on the same vertical scale. Two different velocity models are considered. The first synthetic in each pair is for model 9 presented in this article. (Model 12 gives nearly identical synthetics to model 9, pointing out the insensitivity of the Loma Prieta ground motion to the deepbasin velocities.) The second synthetic is based on velocity model 05.0.0 of Brocher (2005a) and Brocher et al. (2005) , which utilizes much of the same borehole and reflection/ refraction data available to this study, but relies on laboratory measurements of seismic velocities in rock samples instead of waveform modeling. Given this difference in approach, the major seismic-velocity profiles are very similar, such as for the Cenozoic basin fill and the Franciscan basement. The main differences between the models are in the velocity contrast across the San Andreas fault and in Q at shallow depths. Model 9 has similar to modestly higher velocities on the west side of the San Andreas fault. The velocities for this region are based on refraction profiling reported by Boatwright et al. (2004) for a line paralleling the west side of the San Andreas fault. Model 05.0.0 reversed this trend in the upper 6 km (the La Honda Basin), causing some of the energy to be trapped that would otherwise propagate to the east. This effect can be seen most clearly by comparing the data and synthetics at stations LEX and SAR (Fig. 26) . These two stations lie several kilometers to the east of the San Andreas fault, and in both of these cases model 05.0.0 underpredicts the motions. Trade-offs can still exist between the source description and propagation effects in the two models, however.
Another important factor in constructing a 3D velocity model is attenuation. It has been customary to base Q s on the local shear-wave velocity. The Brocher (2005a), Brocher et al. (2005) model adopts the attenuation relationship of Olsen et al. (2003) range in the multiplicative factor from 0.04 to 0.08. Our model 9 uses Q s ‫ס‬ 0.05V s [m/sec] in the shear-wave velocity range from 300 to 500 m/sec, with the scaling factor linearly increasing to 0.14 at 1000 m/sec. This same attenuation model has also been used for the smaller-event modeling in Figures 21,22 ,23, 24. The lower attenuation used in model 9 gives a better match to the duration of the ground motion for the Loma Prieta earthquake at most of the stations we have considered. Some sites seem to prefer the higher attenuation of model 05.0.0, however, most likely reflecting local variations in site conditions. Significant surface-wave development is seen at the stations AGN, SUN, MIL, FRE, and FRT. These sites have the greatest propagation paths across the Santa Clara Valley from the Loma Prieta source, which leads to well-developed surface waves in the basin sediments. However, these stations may not experience large surface waves for other source locations. Indeed, simulation of a southern Hayward fault rupture produces the largest long-period surface waves over the Evergreen Basin at sites MIL and SJI (Harmsen et al., 2007) . tively, of two 10-story buildings and show elevated amplitudes from 0.3 to 0.5 Hz, which may be due to the excitation of a higher mode in the buildings. Figure 28 shows four snapshots from a movie of the surface ground motion for the Loma Prieta earthquake using the model 9 velocity structure. The quantity plotted is the vector sum (Z(V x 2 ‫ם‬ V y 2 )) of the two horizontal components of velocity after low-pass filtering to the maximum reliable frequency of 1 Hz. The times given for each frame utilize the same timescale as the time-domain plots in Figure 26 . At 11.0 sec both the north and south asperities have ruptured and their effect is seen in the velocity highs at the northern and southern ends of the fault. These maxima are concentrated on the eastern side of the San Andreas fault because of up-dip rupture directivity. At 14.8 sec and continuing at 18.5 sec, the highest intensity of ground motion is seen along the southwestern edge of the Santa Clara Valley along the Monte Vista fault. Intense surface-wave development is seen along this valley margin that persists for many seconds. The velocity highs along the southwestern edge of the valley are consistent with greater damage reported in Los Gatos and other communities along this side of the valley (Schmidt et al., 1995; Hartzell et al., 2001) . In addition, one can see at 18.5 sec prominent waves propagating up the Evergreen Basin on the northeastern side of the valley. These waves continue at 25.2 sec and later, probably in the form of surface waves trapped in the Evergreen Basin. There is also continued generation of surface waves at the southwestern edge of the valley. The ground motion is less in the Evergreen Basin than in the Cupertino Basin for the Loma Prieta earthquake because of its greater distance from the source and because most of the basin-edge effect occurs along the southeastern margin of the Cupertino Basin. For a source on the northeastern side of the valley, such as along the Hayward or Calaveras faults, this pattern of ground motion would be reversed. These frames illustrate the importance of basin-edge effects and buried basin structures within sediment-filled valleys in shaping the ground motion.
Discussion and Conclusions
We have used information on seismic velocities from a variety of sources to construct a 3D velocity and attenuation model for the Santa Clara Valley. This model has been partially validated by waveform modeling to 1 Hz using both weak and strong ground motions. We have demonstrated the strong causal relationship between ground motion and geologic structures, such as basin edges, basement structure, Cenozoic basins, and faults. At this time, practical 3D calculations to 1 Hz with appropriately low surface shear-wave velocities of 300 m/sec are routinely possible on the scale of the area we have considered. Above 1 Hz small-scale details in the velocity model become more important. Kagawa et al. (2004) have shown that a hybrid calculation using a detailed layered 1D model can be used at a local site of interest to extend a 3D calculation to higher frequencies. This methodology could be tested in the Santa Clara Valley.
Through our study of the Santa Clara Valley, we can list the factors that are most important for predicting ground motion in sedimentary basins. Basin edge effects are a significant factor. This study and others Fletcher et al., 2003; Hartzell et al., 2003) have pointed out the importance of surface-wave generation at the margins of the Santa Clara Valley. Additional instrumentation, including shear-wave velocity measurements, at a particularly clear sediment basin boundary edge between hard rock and basin fill would be valuable to further understand the generation mechanism. Another important consideration is the delineation of Cenozoic basins, or the mapping of the depth to pre-Cenozoic basement. These basins trap and amplify seismic waves because of their accumulation of lower-velocity sediments. However, our waveform modeling has revealed some insensitivity of surface ground motion to the velocities of deeper fill material (below about 2 km) in Cenozoic basins. This conclusion has been tested to a lower frequency of about 0.5 Hz using ground motion from smaller local earthquakes and to about 0.2 Hz for the Loma Prieta strongmotion data set. The station coverage for Loma Prieta is limited, however, and does not adequately sample the deep Figure 27 . Comparison of Fourier amplitude spectra for the Loma Prieta earthquake (solid trace) with model 9 simulation (dashed trace). The component order from top to bottom is the same as in Figure 26 . Spectra are plotted over the frequency band from 0.1 to 1.0 Hz except where a low-pass filter has been applied to the data. (continued) Evergreen Basin. Indeed, scenario ground-motion calculations of a M 6.9 earthquake on the southern Hayward Fault (Harmsen et al., 2007) direct seismic energy into the Evergreen Basin and excite longer-period surface waves. The vertical and N45Њ E (basin transverse) components are similar for models 9 and 12. However, the N45Њ W (basin longitudinal) velocities are a factor of about 1.3 times larger at a period of 5 sec for model 9 than for model 12. Thus, the velocities of deep Cenozoic basins can be a contributing factor if properly excited by the source. As a corollary, velocities above 2 km depth appear to be more important for most sources, and those in the upper 500 m are the most important. Faults within a sedimentary basin that juxtapose rock of significantly different velocity against sedimentary basin fill have an important effect on ground motion. The Silver Creek fault in the Santa Clara Valley is a good example. In this case basement depth goes from 0.4 to 5.5 km over the distance of a few kilometers. This velocity contrast reflects shear waves and traps seismic energy within the Evergreen Basin.
Given the preceding information, what is the best use of limited resources for the evaluation of ground motion in other urban sedimentary basins? First, geologic mapping is needed to define the limits of the basin, surface rock types, and the extent and age of faults. Gravity and magnetic surveys add required information on the depth to basement and the extent of Cenozoic basins. We benefited in this study from several logged boreholes that reach depths of a few hundred meters, and, in particular, the hole at CCOC helped to validate other nonintrusive methods. These holes are costly, however, and the seismic velocity information gained from them can be replaced by a combination of SPAC surveys or other active or passive Rayleigh wave phasevelocity-based methods (effective in the upper few hundred meters or more) (Asten and Boore, 2005; Stephenson et al., 2005) and shallow, active source, seismic reflection/refraction lines (effective from several tens of meters to about a kilometer with practical sources). In addition, a few highresolution seismic reflection/refraction lines with a Minivib source define 2D structure and velocity profiles that add continuity to point measurements. However, low-resolution, deeper crustal seismic reflection/refraction data are of less value because of the decreased sensitivity of surface ground motion to velocities at greater depths. Also, detailed gravity surveys may be of greater value for determining basin geometry. The San Jose Array contains approximately 50 instruments and has added greatly to our understanding of ground motion in the Santa Clara Valley, but such a large deployment is not practical for every sedimentary basin. Some level of seismometer deployment, however, is required to obtain ground truth for the calculation of site response, to add travel-time information, to investigate wavepropagation characteristics, and for waveform-modeling purposes. The national/regional seismometer deployment through ANSS (U.S. Geological Survey, 1999) is adding valuable information on site response for different urban environments, but instrument supplementation will be needed to address particular site-response questions in urban sedimentary basins. Figure 28 . Four snap shots of the surface ground motion from the Loma Prieta earthquake using the source model described in the text and the velocity and attenuation model 9. Field of view of each frame is the same as Figure 25 . The function plotted is the vector sum of the two horizontal components of motion. The major faults are shown in red from left to right as San Andreas (SAF), Monte Vista (MVF), Hayward (HF), Calaveras (CF), and Quien Sabe (QSF). The shoreline of the southern San Francisco Bay is in white, and the epicenter is given by a white star.
